ABSTRACT A model scald tank was constructed to study the mixing pattern of water in a poultry scalding system. Tank dimensions were approximately 6 m long by 10.5 cm wide with a water depth of 18 cm. Water was vigorously agitated with compressed air delivered through a 1.9-cm polyvinyl chloride pipe on the bottom of the tank. Food coloring was added to the tank at a single point, and water samples were taken at distances of 0, 0.5, 1.0, 1.5, and 2.5 m every 30 s for 10 min, with 0 or 10 L/min water flow through the tank. Dye concentration was determined spectrophotometrically. A chain drive was then installed above the tank with aluminum paddles (area about 25% of tank cross-sectional area)
INTRODUCTION
Immersion scalding of poultry is an inexpensive and efficient way to loosen feathers before mechanical plucking, although it is problematic from the hygienic point of view. The success of scalding in removing material from carcasses is shown by bacterial counts and suspended solids in scald water (Humphrey, 1981; Humphrey et al. 1981; Lillard et al., 1987) , but subsequent carcasses are then passed through that water, risking the possibility of cross-contamination (Mulder et al., 1978) .
A computer model of bacterial concentration in the water of a multiple-tank poultry scalding system was developed by Veerkamp (1989) . Concentrations of bacteria were calculated based on passage through a series of perfect mixers using a standard industrial formula for mixing of liquids. Sampling in a three-tank, pilot plant scalder (Veerkamp et al., 1991) and in a two-pass, threetank, counterflow scalder in a commercial processing plant (Veerkamp and Heemskerk, 1992) indicated that an improved version of the model predicted actual bacterial concentrations with reasonable accuracy. The computer model also predicted bacterial numbers in scald tanks 1 To whom correspondence should be addressed: jcason@ars.usda.gov 1459 attached to the chain every 15.2 cm to simulate the movement of carcasses through the water at 140 carcasses per minute. Food coloring was added to the tank, and water samples were taken every 15 s for 2.5 min, with 0 or 13.5 L/min water flow through the tank. A computer program based on perfect mixing of water in small slices or cells within the tank was adjusted until predicted dye movement matched sampling data, with correlations of 0.91 or better at all sampling points. For scalder designs with uniform mixing of water, the computer model can predict mixing patterns, including counterflow conditions in a single tank, well enough to yield realistic residence time patterns for bacteria suspended in scald water.
during the normal breaks that occur during industrial processing.
There may be advantages to direct calculation of bacterial concentration in different locations within a scald tank, rather than through a generalized formula. Predicted concentrations could be available for any point in the scalder, idiosyncracies of scalder design could be taken into account, and additional bacteria could be added to the calculations to simulate release from carcasses as they move through the tank. It may be possible to model poultry scalding by using perfect mixing in small slices or cells of water, with different concentrations in different cells. Bacteria suspended in a given volume of water should move rapidly through the tank if mixing occurs in a few large cells, or slowly if mixing occurs in many small cells. Working directly with bacteria in scald tank water is difficult, however, because counting of bacteria is not precise and recovery techniques may underestimate the number of sublethally injured cells that are present. The purposes of the present work were to study mixing of dye in the water of a model scald tank and to develop a computer program to predict the movement of dye through the tank.
MATERIALS AND METHODS

Model Scald Tank
A wooden tank was constructed with interior dimensions approximately 10.5 cm wide × 23 cm deep × 6 m long. The tank was lined with plexiglass and filled with tap water to a depth of approximately 18 cm, yielding a tank volume of more than 100 L. Water was vigorously agitated with compressed air (414 kPa static pressure, 4.7 kPa during flow) delivered through a 1.9-cm diameter polyvinyl chloride pipe attached to the bottom of the tank, with 1.5-mm holes drilled every 2.5 cm. A disposable syringe was used to add 10 mL of green food coloring 2 to the tank at a single point and water samples of approximately 5 mL were taken at distances of 0, 0.5, 1.0, 1.5, 2.5, and 3.5 m from that point every 30 s for 10 min ( Figure 1 ). Dye concentration in water samples was determined at 628 nm with a Hewlett-Packard 8452A spectrophotometer.
3 Water was added and removed from opposite ends of the tank to achieve measured horizontal flows through the tank of 0 or 10 L per min during sampling, with samples taken during three runs at each flow rate. Dye movement through the water was measured downstream relative to water flow, with complete replacement of tank water between sampling runs.
To simulate movement of carcasses through the water, a variable speed chain drive was installed above the tank. Wooden strips (cross-section 1.2 × 1.8 cm) were attached to the chain every 15.2 cm, with the wider dimension parallel to the sides of the tank. With 18 cm of water in the tank, the wooden strips reached about 7 cm below the water surface, making about 5% of tank cross-sectional area. Aluminum paddles approximately 5 × 10 cm were attached to the wooden strips (Figure 2) , making up about 25% of tank cross-sectional area. Chain speed was equivalent to 140 carcasses/min with carcasses spaced 15.2 cm apart. Food coloring was added to the tank as described above and water samples of approximately 5 mL were taken at distances of 0, 0.5, 1.0, 1.5, and 2.5 m from that point every 15 s for 2.5 min. Dye movement Program is available from the corresponding author.
through the water was measured upstream relative to water flow. When simulated carcasses were moving through the tank, sampling was more frequent and for a shorter total time because of more rapid mixing of dye. Measured water flow rates through the tank were 0 or 13.5 L/min during sampling, with samples taken during three runs at each flow rate as previously described. During operation with aluminum paddles, the exit end of the tank (relative to carcass movement) had to be raised about 10 cm above the floor to maintain a constant water level in the tank. To prevent water loss by splashing, plexiglass panels reaching about 25 cm above the water level were added to each end of the tank.
Computer Program
A BASIC computer program 4 was written to calculate movement of dye through the model scald tank. The tank was divided into small slices or cells, with uniform concentration within each cell based on perfect mixing between three adjacent cells. Concentration of dye within each cell (expressed as absorbance) was calculated sequentially through the tank and then reiterated as necessary. Concentration in cell c in the ith iteration was calculated by averaging concentrations in three adjacent cells in the previous iteration:
so that mixing was perfect within each cell, but many different concentrations could exist simultaneously at different points in the tank. To validate the model mathematically, the program was run in the double precision mode of BASIC after placing a known concentration in one cell. The program could run for extended periods of time with no change in the total amount of material present in the system. The computer model also included terms for net horizontal water flow to allow for water being added to one end of the tank and overflowing from the other. Speed of dye movement through the water was adjusted by changing the width of the mixing cells until computer calculations matched dye movement through the water with no horizontal water flow. The same mixing cell width was then used to calculate expected dye movement patterns under the same conditions (with or without simulated carcasses moving through the water), but with various water flow rates to correspond to different rates of overflow from the tank. For each set of operating conditions in the model scald tank, correlations between observed dye concentrations and values from the computer program were determined using PROC CORR of SAS (SAS Institute, 1987) .
RESULTS AND DISCUSSION
It was not possible to deliver 10 mL of food coloring into the tank instantly in a narrow area, so the dye was more dispersed initially than if it had been delivered perfectly. The effect was to make peaks in dye concentration occur somewhat sooner at points away from the starting point.
Tank sampling results and computer calculations for dye mixing with no simulated carcasses and no water flow are shown in Figure 3 , except that data for the 3.5 m point are not shown in the graphs. At the point where dye was added to the tank, absorbance was initially greater than 1.0, but those values are shown as 1.0 in all graphs. Mixing cell width in the computer program was adjusted until the best fit was obtained with a width of 1.1 cm. Correlations between observed and predicted values were 0.93 or higher at all sampling points. The same mixing cell width also provided good predictions of actual dye movement patterns with a measured water flow of 10.0 L per min through the tank (Figure 4 ). Correlations between observed and predicted values were 0.97 or higher for all sampling points with horizontal flow of water included in the model. It should be noted that the difference in the curves in the graphs of predicted dye movement in Figures 3 and 4 was produced with only a single change in the variables in the mixing program. Flow of water through the tank had no effect, other than horizontal displacement, on the mixing characteristics of the tank.
Mixing cell width increased only to 2.4 cm when carcass movement through the water was simulated with wooden strips (data not shown). Mixing cell width increased to 15.2 cm, however, when carcass movement was simulated with aluminum paddles (tank sampling results and computer calculations are shown in Figure 5 , except that data for the 3.5 m point are not shown in the graphs), so the increase in size of simulated carcasses from 5 to 25% of tank area produced a substantial change in tank mixing characteristics. Correlations between ob-FIGURE 3. Water mixing in a model system as determined by dye movement in a scale model scald tank agitated by compressed air, but with no net flow of water, followed by sampling at various distances from the injection point (upper graph) or calculated by a computer program based on perfect mixing within small (1.1 cm wide) adjacent cells in the tank (lower graph).
served and predicted values were 0.94 or higher at all sampling points. The same mixing cell width also provided good predictions of actual dye movement patterns with a measured water flow of 13.5 L per min through the tank, with graphs little changed from Figure 5 (data not shown). Correlations between observed and predicted values were 0.91 or higher for all sampling points with horizontal flow of water added to the model. Addition of water at one end of the tank had no effect on the mixing characteristics of the tank, as was the case when the tank was operated without simulated carcasses.
The computer program successfully matched actual mixing patterns without simulated carcasses (0 carcasses per min) and with two sizes of simulated carcasses moving at 140 carcasses per min. Simulated carcasses equivalent to 5% of the water cross-section of the tank had a mixing cell size only slightly larger than was the case when the tank was operated without simulated carcasses, but mixing cell size was affected to a much greater degree when simulated carcasses were equivalent to 25% of the water cross-section. This result implies that the increased mixing caused by moving a larger object through the tank was more important than the line speed, so the model should work at other line speeds as well. The mixing cell width of 15.2 cm for the larger simulated carcasses is probably the maximum size because the paddles were attached to the chain drive every 15.2 cm.
The program calculates water mixing patterns in scalder tank designs where agitation of tank water is consistent throughout the tank, as would be the case with mixing by identical compressed air outlets at regularly spaced intervals in a tank. After an effective mixing cell is determined for whatever mixing conditions exist in the tank, the computer program can accurately predict actual dye mixing and movement through the tank. The program might not work as well in tanks with irregular mixing, as in scalders with impellers or fan blades moving water horizontally. Calculations should be valid for particles that are suspended in the water, but any bacteria that FIGURE 4. Water mixing in a model system as determined by dye movement in a scale model scald tank agitated by compressed air and with 10 L/min flow of water through the tank, followed by sampling at various distances from the injection point (upper graph) or calculated by a computer program based on perfect mixing within small (1.1 cm wide) adjacent cells in the tank (lower graph) with 10 L/min water flow.
FIGURE 5.
Water mixing in a model system as determined by dye movement in a scale model scald tank agitated by compressed air, but with no net flow of water, followed by sampling at various distances from the injection point (upper graph) or calculated by a computer program based on perfect mixing within small (15.2 cm wide) adjacent cells in the tank (lower graph). The model scald tank was stirred with aluminum paddles (cross-section about 25% of water in the tank) mounted 15.2 cm apart and moving at a speed of 140 paddles/min. remain attached to carcasses or are otherwise not mixing in the water would not be included in the calculations.
Calculations based on multiple mixing cells may have several advantages over other methods of calculating the concentration of suspended bacteria. Counterflow conditions within a single-pass tank can be modeled successfully, and realistic residence times for suspended bacteria in the tank can be determined, making it possible to use D values for various water temperatures to calculate death of bacteria in hot scald water. Variations in scalder design and water flow can be written into the computer program. Use of individual mixing cells also allows bacterial input into the model to match the pattern of bacterial release from carcasses during scalding, if a common pattern can be deduced.
